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The neural retina is a complex sensory structure designed to receive, integrate, and transmit visual information. An
important aspect of retinal development is the establishment of pattern along the dorsal–ventral (D-V) and anterior–
posterior (A-P) axes. The recent identification and functional characterization of a dorsal-specific and a ventral-specific
transcription factor suggested that the D-V axis is divided into two domains. This study characterizes the expression
patterns of these and other D-V markers, and establishes that the retina is subdivided into at least four domains of gene
expression along this axis. The composition and spatial relation of these expression domains alters our model of D-V
patterning, suggesting more complexity in the way that the retina is patterned than was previously recognized. As domains
of gene expression within developing tissues sometimes comprise compartments whose borders are not crossed by clonally
related cells, we performed a retroviral lineage study. A strong preference for cells to remain in their original domain of gene
expression was observed, suggesting that these borders comprise developmental compartments. © 2002 Elsevier Science (USA)
Key Words: retina; patterning; compartments; Tbx5; Vax; Bmp4; ALDH; retinoic acid; Eph.INTRODUCTION
Development of a complex multicellular organism occurs
by the successive subdivision of cell populations into units
with unique properties and functions. The generation of the
Drosophila wing provides a striking illustration of this
organizing principle. During larval development, the wing
imaginal disc is divided along its anterior–posterior (A-P)
and dorsal–ventral (D-V) axes to form sets of nonintermin-
gling cells or compartments (Garcia-Bellido et al., 1973;
Lawrence and Struhl, 1996; Dahmann and Basler, 1999).
These compartments are distinguished by gene expression
and differential adhesivity. At the border between two
compartments, a boundary is formed where long range
organizers or morphogens are induced. These morphogens
control the subsequent tissue patterning events. It is essen-
tial that compartment boundaries be maintained during the
phases of rapid growth that occur during wing development.
Intercalation of cells from different compartments due to
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All rights reserved.differential proliferation or migration is prevented by the
inheritance of compartment identity linked to a cell-
segregation mechanism (reviewed in Lawrence and Struhl,
1996; Dahmann and Basler, 1999).
The division of the developing vertebrate hindbrain into
rhombomeres is similar in many respects to Drosophila
compartmentalization. Each rhombomere is distinguished
by morphological segmentation and a unique gene expres-
sion code that includes members of the homeobox family
(reviewed in Lumsden and Krumlauf, 1996). Rhomobomere
interfaces present significant lineage restriction barriers as
shown by lineage analysis studies (Fraser et al., 1990;
Birgbauer and Fraser, 1994). Transient morphological seg-
mentation of the developing forebrain and restricted do-
mains of homeobox gene expression suggests compartmen-
talization of the forebrain into units called prosomeres
(reviewed in Rubenstein et al., 1994). Recent work on
cortical development has led to the hypothesis that the
projection neurons of the cortex migrate radially from the
ventricular zone to create cortical columns presumably
aligned with the original gene expression domains (re-
viewed in Monuki and Walsh, 2001).
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The vertebrate neural retina, a derivative of the forebrain,
does not reveal any obvious morphological distinctions
when the surface of the retina is examined, with the
exception of the centrally located optic nerve head. Yet the
retina is patterned along all of its axes (reviewed in Peters,
2002). The generation of postmitotic cells is initiated in the
central retina and expands to the periphery in a wave-like
manner (Hu and Easter, 1999; Easter, 2000). Furthermore,
the central retina of several species is specialized for high
acuity vision (Pearson, 1972; Hendrickson, 1994; Bruhn and
Cepko, 1996). The fovea of primates and birds of prey is the
most sophisticated example of such a specialization (Hen-
drickson, 1992, 1994). The fovea contains a region of long
wavelength cone photoreceptors surrounded by a ring of rod
photoreceptors and has a specific wiring pattern that in-
sures high acuity vision (Hendrickson, 1992, 1994).
Proper projection of retinal ganglion cells is crucial for
the reliable transfer of visual information from the retina to
the brain. In order to maintain the spatial relationships of
objects in an organism’s visual field, the ganglion cell axons
form point-to-point topographic maps with the centers of
higher visual processing. This is achieved by maintaining
the neighbor relationships in the retina. Thus, encoding the
positional value of a ganglion cell along the A-P and D-V
axes is fundamental to vision. Positional values may also
affect the distribution of other differentiated cell types in
the retina. For example, the distribution of rod photorecep-
tors varies along the D-V axis of the chick retina and at least
one amacrine subtype is restricted to the ventral chick
retina (Bruhn and Cepko, 1996; Fischer and Stell, 1999).
Some of the transcription factors governing patterning in
the neural retina have recently been discovered. Two ho-
meodomain containing transcription factors, SOHo and
GH6, and two winged-helix transcription factors, brain
factor one and two (BF1 and BF2), with restricted expression
along the A-P axis, have been identified and characterized
(Deitcher et al., 1994; Hatini et al., 1994; Stadler and
Solursh, 1994; Yuasa et al., 1996; Schulte and Cepko, 2000).
The ventral anterior homeobox, Vax, gene family appears to
confer ventral positional identity on retinal progenitor
cells, while the T-box-containing gene, Tbx5, determines
dorsal identity (Barbieri et al., 1999; Ohsaki et al., 1999;
FIG. 1. Expression of dorsal–ventral markers in the chick optic cup. Whole-mount in situ hybridization of Hamburger–Hamilton stages
20–22 embryos. (A) ALDH1 and (B) ephrin-B2 are expressed in the most dorsal region of the optic cup. (C) Tbx5, (D) Bmp4, and (E) ephrin-B1
are also expressed in the dorsal optic cup. Their domain of expression extends further ventrally along the D-V axis than ephrin-B2 and
ALDH1. (F) ALDH3/ALDH6, (G) Vax, and (H) Pax2 are expressed in the most ventral region of the optic cup.
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Schulte et al., 1999; Koshiba-Takeuchi et al., 2000; Liu et
al., 2001). Since overexpression of Tbx5 can lead to down-
regulation of Vax and vice versa, the D-V retinal axis was
thought to be divided into two domains, under the control
of Tbx5 and Vax, respectively (Schulte et al., 1999; Koshiba-
Takeuchi et al., 2000). The Eph family of receptor tyrosine
kinases, which is also patterned along the A-P and D-V
axes, are likely downstream effectors of these transcription
factors.
The Eph family of receptors and ligands plays important
roles in the development of the CNS (reviewed in Wilkin-
son, 2001). In the visual system, the Eph-A class of recep-
tors and ligands appears to control the projection of gan-
glion cells along the A-P axis; they are graded along this axis
of the retina (reviewed in Flanagan and Vanderhaeghen,
1998; Goodhill and Richards, 1999; Wilkinson, 2001). Loss-
of-function, as well as gain-of-function, experiments pro-
vide convincing evidence that the relative levels of Eph-A
signaling determine the target zone of the neuron (Cheng et
al., 1995; Nakamoto et al., 1996; Feldheim et al., 1998,
2000; Frisen et al., 1998; Brown et al., 2000). Eph receptors
and ligands are also used in a variety of contexts to establish
FIG. 2. The retina is divided into four domains of restricted gene expression along the dorsal–ventral axis at Hamburger–Hamilton stage
18–19. Whole-mount double in situ hybridization studies of dorsal and ventral retinal markers reveals their spatial relationships. Each
panel is labeled with the probes used. (A) The expression domains of ephrin-B2 in the dorsal retina and Vax in the ventral retina are
mutually exclusive, HH 18. (B) The dorsal expression domain of ALDH1 is very similar to the expression domain of ephrin-B2 as shown
by its relation to the Vax expression domain, HH 17. (C) The retinal expression domains of ALDH1 and ephrin-B2 (dorsal) and
ALDH3/ALDH6 and Vax (ventral) are very similar, HH 19. (D) The dorsal expression domain of Bmp4 extends further ventrally than
ephrin-B2 and ALDH1 but does not abut the ventral expression of Vax, HH 18. (E) The Tbx5 expression domain is similar to that of Bmp4,
as shown by comparison with the ventral expression of Vax, HH 18. (F) Like Tbx5 and Bmp4, ephrin-B1 expression extends about 10%
further ventrally along the D-V axis than ephrin-B2 and ALDH1 but does not abut the ventral expression of Vax, HH 19. (G) Summary
model of the four restricted gene expression domains along the D-V axis of the early retina. All panels were taken with the same
magnification and the field of view of each panel is approximately 2.4 mm  2.0 mm.
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and stabilize tissue organization (reviewed in Wilkinson,
2001). The Eph-B class, which includes the membrane
spanning ligands, ephrin-Bs, and their receptors, EphBs and
EphA4, figure prominently in cell segregation events in the
segmentation of the somites, the migration of neural crest
cells, and the organization of the hindbrain into rhom-
bomeres (Xu et al., 1995, 1999; Durbin et al., 1998; Mel-
litzer et al., 1999).
Many of the Eph receptors and ligands underlying com-
partment boundary formation and/or maintenance in the
hindbrain are also expressed asymmetrically along the D-V
axis of the developing retina. Furthermore, manipulations
of the patterning transcription factors, Vax and Tbx5, alter
the expression of these EphB receptors and ligands (Schulte
et al., 1999; Koshiba-Takeuchi et al., 2000). This led us to
examine the possibility that there are two lineally re-
stricted compartments along the D-V axis of the neural
retina. As described above, A-P compartments in the fly
wing are controlled by heritable gene expression and cell
segregation. This study examines whether both gene ex-
pression domains and compartments exist within the chick
retina. Surprisingly, more than two restricted domains of
gene expression within the D-V axis of the retina were
identified. These domains are characterized by the expres-
sion of several different types of molecules and are initiated
coincident with the estimated time of determination of the
D-V axis (Matsuno et al., 1992; Dutting and Meyer, 1995;
Dutting and Thanos, 1995). They are largely maintained in
late retinal development, suggesting that the expression
state of these genes may be heritable. To determine
whether the expression domains constitute true compart-
ments, the ability of retinal cells to cross the dorsal and
ventral borders created by opposing expression domains
was determined by retroviral lineage analysis. A strong
preference for cells to respect the borders was revealed.
Approximately 80% of clones respected both the dorsal and
ventral borders (P  0.0001). Our data suggest that the
neural retina is divided into domains of heritable gene
expression and the cells from different domains usually fail
to cross into adjacent domains. This behavior may indicate
that the retinal patterns are generated from compartments
set up early in development.
MATERIALS AND METHODS
Production of Replication-Incompetent
Retroviruses
The following avian replication-incompetent retroviral vectors:
pRIA (Chen et al., 1999), pRdlac1 (Reddy et al., 1991), pRAVE-
nlacZ (Maria E. Samson and C.L.C., unpublished reagent), and
pRISAP (Chen et al., 1999), were utilized in this study. In addition
to the long terminal repeat (LTR) promoter, the RAVE-nlacZ viral
vector has an internal Xenopus elongation factor alpha (EF1-)
promoter. To construct RAVE-nlacZ, the Xenopus EF1- gene
(EF1-) from pEF-puro (gift from Gord Fishell), was cloned into the
pRIA vector. To achieve high in vivo infection rates, all viruses
were pseudotyped with the VSV-G envelope protein and were
produced in DF1 cells as previously described (Chen et al., 1999).
For RISAP production, equal ratios of pRISAP and pC1VSV-G were
introduced. Since Rdlac1 and RAVE-nlacZ both lack complete gag
and pol sequences, an equal ratio of pRIA was included. Infection
was determined by histochemical detection of lacZ or AP activity
as described below.
Detection of Histochemical Markers
Detection of -galactosidase (lacZ) activity was performed as
described by Mike A. Dyer (see http://axon.med.harvard.edu/
cepko/protocol). When the -galactosidase assay preceded in situ
hybridization, gluteraldehyde fixation was replaced with 4% para-
formaldehyde fixation for 30 min, and the Rinse A washes were
omitted. In addition, late retinae were flat mounted prior to lacZ
staining according to Bruhn and Cepko (1996). Staining for alkaline
phosphatase (AP) was performed as described (Fekete and Cepko,
1993).
In Ovo Injections
Fertilized White Leghorn eggs (SPAFAS, CT) were incubated at
37°C until Hamburger–Hamilton (HH) stage 10-11 was reached
(Hamburger, 1951). The optic vesicles and the forebrain vesicle
were injected with a cocktail of the following viruses: RdlacZ,
RAVE-nlacZ, RISAP, and RIA. Since in vivo infection rates of
VSV-G pseudotyped viruses are about 300-fold higher than titers
determined in tissue culture, the optimal viral dilutions were
determined primarily by injecting serial dilutions of the viruses and
staining of embryos (Chen et al., 1999). The empirically deter-
mined dilutions yielded clones easily distinguishable several days
after injection. RIA viruses were coproduced with RdlacZ and
RAVEnlacZ. As expected, the higher titer virus, RIA, was produced
at a higher titer than either lacZ virus (Chen et al., 1999; and see
Fig. 4D). RISAP clones could not be scored in combination with in
situ hybridization studies due to use of AP detection in both
procedures.
In Situ Hybridization and Immunohistochemistry
Whole embryo and flat mounted HH 31–32 retinal in situ
hybridizations were performed as described in Riddle et al. (1993)
and Bruhn and Cepko (1996), respectively. For double in situ
hybridization studies, one probe was generated by using digoxi-
genin-labeled nucleotides and one with fluorescein-labeled nucle-
otides. Both were hybridized together and serially detected by using
either BCIP/NBT or BCIP substrate (Stern, 1998). Probes for Pax2,
Bmp4, Tbx5, SOHo, ephrin-B1, ephrin-B2, EphB1-B3, ALDH3/
ALDH6, and ALDH1 were prepared as described (Deitcher et al.,
1994; Godbout et al., 1996; Holash et al., 1997; Logan et al., 1998;
Golden et al., 1999; Grun et al., 2000). For detection of viral
infections of RIA and RISAP following lacZ staining and in situ
hybridizations, immunohistochemistry was performed. The mono-
clonal antibody 3C2 (Potts et al., 1987), which recognizes a matrix
core protein of RSV, was used at a 1:5 dilution. Area measurements
were determined by NIH Image.
Analysis of Clones
Each infected retina was photographed, given an identifying
number, and catalogued using Microsoft Excel. The outline of the
retina and all clones were traced using Adobe Photoshop and
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microscopic examination. To assign clonal identity, the proximity
of stained cells and the overall shape and location of the clone were
considered. A group of neighboring columns of cells with the same
histochemical tag constitutes a clone (Fekete et al., 1994). To be
categorized as a clone within the central retina, stained cells were
generally within a few cell diameters of each other. Since clones in
the peripheral retina are expected to be larger than central clones,
the stringency of proximity of cells was relaxed somewhat, and
general shape was given greater weight (Fekete et al., 1994).
RESULTS
Gene Expression along the D-V Axis of the Neural
Retina Defines Four D-V Domains
Several genes with restricted expression in the dorsal or
ventral neural retina at early stages of retinal development
have recently been reported (Nornes et al., 1990; Chapman
et al., 1996; Godbout et al., 1996; Furuta and Hogan, 1998;
Barbieri et al., 1999; Ohsaki et al., 1999; Schulte et al.,
1999; Grun et al., 2000; Koshiba-Takeuchi et al., 2000; Li et
al., 2000; Suzuki et al., 2000; Liu et al., 2001; Sakuta et al.,
2001). For a few of these genes, such as Vax, Tbx5, Bmp4,
and Ventroptin, misexpression and loss-of-function studies
have indicated that their regulated expression is important
for the establishment of the positional identity of the
retinal progenitors (Barbieri et al., 1999, 2002; Schulte et al.,
1999; Koshiba-Takeuchi et al., 2000; Sakuta et al., 2001;
Mui et al., 2002). To explore the expression domains in
further detail, we performed a series of whole-mount in situ
hybridizations with a panel of dorsally or ventrally re-
stricted genes during retinal development. Dorsal markers
included Tbx5, Bmp4, two B-type ligands of the Eph family
of receptor tyrosine kinases, ephrin-B1 and ephrin-B2, as
well as the retinaldehyde dehydrogenase, ALDH1. In the
ventral retina, the following markers were scored: the
homeobox gene, Vax, the paired type homeobox gene, Pax2,
the retinaldehyde dehydrogenase, ALDH3/ALDH6, and the
EphB receptors, EphB2 and EphB3. The gene expression
analysis was performed on embryos from approximately
Hamburger–Hamilton (HH) stages 13–31 (Hamburger,
1951). During these 5 days, the number of retinal cells
increases over 1000-fold and the majority of postmitotic
cell types are generated (Dutting et al., 1983). The respec-
tive expression domains of these genes at approximately
HH stages 20–22 is shown in Figs. 1A–1H. ALDH1 and
ephrin-B2 were both observed to be highly expressed in the
most dorsal region of the retina, approximately the dorsal
third (Figs. 1A and 1B). Tbx5, Bmp4, and ephrin-B1 were
also found to be expressed in the dorsal-most retina, but
their expression domains were broader than those of
ALDH1 and eprhin-B2 (Figs. 1C–1E). Tbx5, ephrin-B1, and
Bmp4 expression extended further ventrally along the D-V
axis than ALDH1 and ephrin-B2 expression (Figs. 1C–1E vs
1A and 1B). Thus, the previously reported dorsal markers
can be subdivided into two groups based on their domains
of expression. The ventral markers, Vax, ALDH3/ALDH6,
Pax2, EphB2, and EphB3, were expressed in a common
domain, approximately the ventral third of the early retina
(Figs. 1F–1H, and data not shown). This analysis suggested
that these markers divide the early retina into three do-
mains along the D-V axis. Between stages 14 and 22, the
most dorsal domain is characterized by expression of
ALDH1, ephrin-B2, Tbx5, Bmp4, and ephrin-B1. The
middle domain is marked by Tbx5, Bmp4, and ephrin-B1
expression, and the ventral domain contains Vax, ALDH3/
ALDH6, Pax2, EphB2, and EphB3 transcripts.
To more carefully examine the relationship of the expres-
sion domains along the D-V axis, double in situ hybridiza-
tion studies were performed. Since the expression patterns
were assayed in the same embryo, this technique controlled
for any variation in embryonic development and/or sample
preparation. As expected, the expression domains of the
most dorsally restricted genes, ephrin-B2 and ALDH1, were
separated from the ventral markers, Vax and ALDH3/
ALDH6 (Figs. 2A–2C, and data not shown). The dorsal third
and ventral third were highly stained, while the middle
third was not. Surprisingly, the broader expression domains
of Bmp4, Tbx5, and ephrin-B1 were also separated from the
ventral markers (Figs. 2D–2F). A thin domain of unstained
tissue in the middle of the retina was clearly present (Figs.
2D–2F). Thus, at HH stage 18–19, the developing chick
retina is divided into not two but at least four domains of
gene expression along the D-V axis, as diagramed in Fig. 2G.
The dorsal-most domain comprised approximately 31% of
the D-V axis, while the next domain comprised approxi-
mately 41% of the D-V axis. These domains appeared as
soon as the optic vesicle invaginated, HH stage 14, which
coincides with the estimated timing of determination of the
D-V positional identity of the retinal progenitor cells (Mat-
suno et al., 1992, and data not shown). From stages 14–23,
both domains expanded proportionately, maintaining their
relative positions along the D-V axis. The top domain
expanded from approximately 22% at stage 14 to approxi-
mately 44% at stage 23, while the next domain changed
from approximately 28% at stage 14 to approximately 53%
at stage 23 (Figs. 1 and 2, and data not shown). In the ventral
domain, the expression of Pax2 became more restricted to
the optic disc region at later stages (data not shown). In
addition, the in situ hybridization signal of EphB2 and
EphB3 was very weak at the early stages.
A subset of these genes, ephrin-B1, ephrin-B2, ALDH1,
Vax, ALDH3/ALDH6, EphB2, and EphB3, continued to be
expressed at high levels at HH 31–32 (Figs. 3A–3D, and data
not shown). The separation of the most dorsal markers,
ephrin-B2 and ALDH1, and the most ventral markers, Vax,
ALDH3/ALDH6, EphB2, and EphB3, was observed to be
maintained (Figs. 3A and 3B, and data not shown). Con-
versely, the separation between the expression domains of
ephrin-B1 and the most ventral markers was greatly re-
duced or nonexistent (Figs. 3C and 3D). At HH 31–32, the
ephrin-B1 expression domain abutted the ventral domain
(Figs. 3C and 3D, and data not shown). The middle region
that was negative for all markers tested at the earlier stages
was no longer readily apparent. In addition, the region
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separating the most dorsally restricted markers and the
most ventrally restricted markers was compressed, as com-
pared with that seen in earlier embryos (comparison of Figs.
2A–2C and 3A and 3B). The most dorsal domain comprised
approximately 49 3% (n 6) of the D-V axis, whereas the
next domain extended to approximately 62  5% (n  6).
Thus, the expansion of both dorsal domains between HH
14–23 continued, yielding three distinct gene expression
domains at HH 31–32. Thus, the developing neural retina is
subdivided molecularly, even though there is no apparent
morphological subdivision.
Analysis of the Patterns of Dispersion of Clones in
the Developing Retina
To test whether cells from one domain of gene expression
migrated into another domain of gene expression, we per-
formed a lineage analysis study. Replication-incompetent
retroviruses encoding cytoplasmic and nuclear -
galactosidase (lacZ) were used to indelibly mark a progeni-
tor cell and its progeny. The ability of the resulting clone to
cross a gene expression boundary was assessed by in situ
hybridization following histochemical detection of lacZ ac-
tivity. A cocktail of several different retroviruses was used
to label progenitor cells and their clonal progeny. This was
done to allow a more confident assessment of clonal bound-
aries in retinae with more than one clone. An infection rate
was chosen based on previous work in our laboratory in
which lacZ- and alkaline phosphatase (AP)-containing vi-
ruses were mixed together at different ratios and used to
determine errors in clonal assignments (Fields-Berry et al.,
1992; Fekete et al., 1994). By choosing dilutions of viral
stocks that gave an extremely low “lumping” error rate
(including more than one clone in the definition of a single
clone), and by using previously established criteria for min-
imizing “splitting” errors (misidentifying one clone as more
than one), most, if not all, clonal assignments in this study
are likely correct. Nevertheless, two other safeguards were
used. A high-titer replication-incompetent virus, RIA, was
coproduced with both lacZ-containing viruses. RIA is nor-
mally produced at approximately 5–10 times higher titer
than the lacZ viral particles. Thus, if a lacZ viral particle
FIG. 3. The dorsal–ventral retinal axis is divided into three domains of restricted gene expression at Hamburger–Hamilton stage 31–32.
Double in situ hybridization on flattened HH 31–32 retinae. The markers utilized are listed in the panel with the dorsal marker on top. (A,
B) The expression domain marked by ephrin-B2 and ALDH1 comprises approximately 49% of the D-V axis and does not abut the ventral
expression domain. (C, D) The expression domain of ephrin-B1 (dorsal) and Vax and EphB2 (ventral) are adjacent at HH 31–32, unlike the
separation seen at stage 18–19. (C, D) The dorsal markers are detected with BCIP and appear turquoise while the ventral markers are
detected with BCIP/NBT and appear purple. All panels were taken with the same magnification and the field of view of each panel is
approximately 10 mm  9 mm.
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FIG. 4. Summary of clonal analysis methods. (A) Genomic structure of the four avian replication incompetent viruses. In pRdlacZ,
cytoplasmic -galactosidase (clacZ) transcription is under the control of the LTR promoter. In pRAVEnlacZ, the nuclear localized
-galactosidase (nlacZ) is driven by the LTR and also has an internal XEF1- promoter. pRIA and pRISAP both retain the viral gag and pol
sequences. pRIA has no histochemical marker, whereas pRISAP contains placental alkaline phosphatase. (B) A retina stained for
-galactosidase activity containing both clacZ and nlacZ viral hits. The two clones at the edges of the retina are clacZ clones and the central
staining is nlacZ. (C) The area boxed in red in (B) is magnified to illustrate the difference in the appearance of nuclear and cytoplasmic lacZ
staining. The nlacZ signal is lighter and more punctate (green arrows) than the clacZ signal (red arrow). (D) A retina stained for
-galactosidase activity, ephrin-B1 expression, and immunohistochemistry for the presence of RIA and RISAP infection. The signal for
immunostaining with an antibody for a gag protein appears as a brown precipitate. An area containing such signal is boxed in red. (E) The
retina was divided into six zones for this analysis based on the expression profile of ephrin-B2 and Vax. The dorsal zone is defined as the
area of ephrin-B2 expression. The border of ephrin-B2 expressing and nonexpressing tissue is the dorsal border and is marked by the magenta
line in this model. The ventral zone is the area of Vax expression and is denoted by the blue line. The area between the dorsal and ventral
zones is the middle domain, marked with an M in the model. Each of these domains is further divided into a central and peripheral zone.
The central area is approximately 2.5  2.5 mm and is denoted by the green box. The areas within the green box are the central zones and
those outside of it are the peripheral zones. (F) An example of the use of the zonal divisions described above. A retina processed for lacZ
staining, ephrin-B2 and Vax in situ hybridization, and clonal analysis. The retina is outlined in black and the lacZ clones are outlined in
red for clacZ and in green for nlacZ clones. Four clones are present. The nlacZ clone is in the dorsal–peripheral (D-P), while the three clacZ
clones are in the D-P and ventral–peripheral (V-P) zones. LTR, long terminal repeats; SA, splice acceptor of env gene; SA*, splice acceptor
of src gene; Xenopus elongation factor alpha promoter (XEF1-); IRES, internal ribosomal entry site.
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were to aggregate with another particle, it would likely be a
RIA virus, rather than another lacZ virus. RIA does not
encode a reporter gene, but does encode a viral structural
gene, gag, which can be scored by immunohistochemistry.
The presence of a large excess of viral clones lacking gal
activity was confirmed by immunostaining for gag, follow-
ing Xgal staining (Fig. 4D). As a final precaution, the con-
sistency of conclusions about clonal patterns among retinae
with a low viral hit rate and a high viral hit rate was tested,
as discussed below.
The following retroviruses were coinjected: RdlacZ, en-
coding cytoplasmic lacZ (Reddy et al., 1991), RAVE-nlacZ,
containing nuclear lacZ (Maria E. Samson and C.L.C.,
unpublished reagent), RISAP, including human AP, and RIA
(Chen et al., 1999) (Fig. 4A). The in vivo infectivity of each
virus was determined by histochemical staining for gal
and AP activity following injection of serially diluted viral
stocks into HH stage 10-11 embryos (Chen et al., 1999). A
dilution which resulted in several gal hits but did not lead
to difficulty in scoring clonal boundaries was chosen. For
the analysis, only clones with gal activity were scored.
The AP-containing virus was used to assess optimal viral
dilutions but not in the clonal analysis since AP detection
was employed for detection of in situ hybridization signal
to mark domains of gene expression.
To mark the borders of restricted expression domains,
ephrin-B2 and Vax were chosen as representatives of the
most dorsal and most ventral domains, respectively. They
were selected due to their consistent expression pattern and
the strength of their in situ hybridization signal (shown in
Figs. 1–3). Since ephrin-B1 marks only the ventral border,
and is therefore less informative, a much smaller number of
ephrin-B1 in situ hybridizations were performed. Approxi-
mately 150 retinae were harvested and processed for gal
activity and in situ hybridization. The number of gal
clones per retina ranged from 0 to approximately 20, but
only those containing between 1 and 14 hits were analyzed.
Of those analyzed, approximately 44% of the retinae con-
tained between 1 and 6 clones and approximately 22%
contained between 1 and 4 clones. Since misassignment of
clones was more likely in heavily infected retinae, data sets
excluding retina with greater than 4 or 6 clones per retina
were analyzed in parallel with the full data set. Finally, both
gal-containing viruses could infect all areas of the retina,
so spatially selective viral infection is not thought to
introduce errors (Fig. 4D; Fekete et al., 1994, and data not
shown).
We analyzed the retinae for the following characteristics:
position of clone, relative clone size, histochemical marker
expression, and ability of a clone to cross gene expression
borders. First, each retina was photographed and assigned a
number. Then, the outline of the retina and each clone was
traced into a computer file. Cytoplasmic and nuclear lacZ-
containing clones could be distinguished because nuclear
localization of gal made the staining appear lighter and
more punctate (Figs. 4B and 4C). For positional assignment,
the retina was subdivided into 6 regions, a dorsal, middle,
and ventral zone using the expression patterns of ephrin-B2
and Vax as guides, which was further divided into central
and peripheral zones (Fig. 4E). Since the retina develops in a
center to peripheral gradient, it was expected that central
clones would be smaller than clones in the periphery. Prior
retroviral lineage studies in the chick retina indicate that
retinal cells mix tangentially initially and then migrate
radially, relative to the ventricular surface, to form dis-
persed columns of clonally related cells (Fekete et al., 1994).
Accordingly, the spots of gal activity seen en face in this
flat-mount retinal preparation represent columns of gal-
positive cells (Fig. 4C). Therefore, the relative clone size
data refer to column number and underestimate the true
number of infected cells by at least 10-fold (Fekete et al.,
1994). Using this system, the retina depicted in Fig. 4F
contains one cytoplasmic dorsal peripheral (DP) clone of
approximately 125 columns, one cytoplasmic ventral pe-
ripheral (VP) clone of approximately 125 columns, one
cytoplasmic VP clone of approximately 50 columns, and
one nuclear DP clone of 350 columns. For clones that
crossed borders, such as the nuclear DP clone in Fig. 4F, the
clone position was recorded as the zone in which the
majority of cells resided. In addition, straddling of 2 zones
was noted in the data set.
Clones were analyzed to determine whether or not they
could cross the gene expression domains of ephrin-B2
dorsally and Vax or ephrin-B1 ventrally. The edge of
ephrin-B2 in situ hybridization signal defined the dorsal
border, while the edge of Vax or ephrin-B1 in situ hybrid-
ization signal defined the ventral border (magenta and blue
lines in Fig. 4E). In retinae stained for ephrin-B1 expression,
only the ventral border could be assessed. To be informa-
tive, a clone must have the opportunity to cross one of these
borders. Since it was not possible to know whether any
given cell had the opportunity to cross a border, we had to
make the assumption that the clones within close proxim-
ity of a border were given the chance to cross the border.
The average size of the middle zone between the two
borders was 0.63 0.1 mm (data not shown). We considered
clones that were within approximately 10% of the average
middle zone or approximately 0.06 mm from the border, to
be informative, and scored only clones in this area for
border crossing. Using this system, the characteristics of
641 clones were determined.
Clone Size Reflected the Center to Peripheral
Gradient of Retinal Differentiation
The central to peripheral gradient of differentiation was
reflected in the variation in clone size between the central
and peripheral retina. The middle central (MC) zone or the
center of the retina had the smallest average clone size,
about 48 columns per clone (Fig. 5D). The DP and VP
domains contained the largest average clone sizes, 155 and
171 columns/clone (Fig. 5D). The size of the clones in-
creased by approximately 2.2-fold between the center and
the periphery of both the dorsal and middle zones. In
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contrast, the ratio of average clone size between the VC and
VP zones increased by 2.6-fold (Fig. 5D). This may reflect a
real difference in the proliferation of progenitor cells in the
ventral retina, but could also be due to the fact that the VC
zone is slightly smaller than the DC and MC zones due to
the dissection of the optic nerve head. These trends in clone
size were consistent when the retinae with a larger hit rate
were excluded (Fig. 5D). Within any zone, there were
several clones that were significantly larger than the aver-
age; for example, the VP zone contained 83 clones between
1 and 200 and 16 clones between 301 and 650 columns (Fig.
5C). This and similar findings in the rodent suggest that the
proliferative capacity of retinal progenitors varies widely
(Turner and Cepko, 1987; Michael A. Dyer and C.L.C.,
unpublished observations). Recent evidence that progeni-
tors utilize different cyclin-dependent kinases to exit the
cell cycle may account for this heterogeneity (Dyer and
Cepko, 2001).
Clones Largely Remain within Expression Domains
An analysis of the percentage of clones that crossed the
dorsal and ventral borders revealed a preference to remain
within the most dorsal and most ventral expression do-
mains. Approximately 80% of the clones that were scored
as having the potential to cross the dorsal and ventral
borders did not cross their respective borders (Fig. 6G). This
observation was consistent in the data sets from the more
infected or less infected retinae (Fig. 6G). Examples of
clones that did not cross the borders (A, C) and clones that
did cross (B) the borders are shown in Fig. 6. Although the
above analysis indicates a preference for clones to remain
within an expression domain, this preference may reflect
migration patterns during the early period of tangential
spread within this region of the retina. That is, the prolif-
eration and migration patterns within the middle region
along the D-V axis of the retina may have caused clones to
adopt a shape or distribution that somehow skewed their
distribution across a D-V border. We controlled for this
possibility by establishing an arbitrary border within this
zone and determining the tendency of clones to cross it.
The arbitrary border was placed in the middle of the zone
lacking ephrin-B2 and Vax expression, which we have also
referred to above as the middle zone (Fig. 4E). In accord with
the dorsal and ventral border analysis, only clones within
approximately 0.06 mm of the arbitrary border were scored.
Fifty-seven percent of clones crossed the arbitrary border,
whereas 43% did not. We assumed the likelihood of cross-
ing an arbitrary border was 50%, then used a Z test to
determine the P values for the percentage of crossing of the
dorsal, ventral, and arbitrary borders. The P values of
crossing both the dorsal and ventral borders are less than
0.0001, whereas the P value of crossing the arbitrary border
is 0.16.
DISCUSSION
This study shows that the patterning of gene expression
along the D-V axis is more complex than previously appre-
ciated and alters our current understanding of the transcrip-
tional control of D-V retinal patterning. The distinct do-
mains of gene expression emerge coincident with the
determination of the D-V axis of the neural retina and are
characterized by the expression of several different genes
(Matsuno et al., 1992; Dutting and Meyer, 1995; Dutting
and Thanos, 1995). Several of the molecules with restricted
expression domains, ephrin-B1, ephrin-B2, EphB2, and
EphB3, have been implicated in compartment boundary
formation in the chick hindbrain (Xu et al., 1995, 1999;
Durbin et al., 1998; Mellitzer et al., 1999). To determine
whether the expression domains are classical lineage com-
partments, a retroviral lineage tracing study was performed.
This study revealed a strong tendency of retinal cells at the
borders of gene expression domains to remain within re-
stricted gene expression domains.
Implications of Restricted Domains of Gene
Expression
Previous studies suggested that the D-V axis is divided
into two domains determined by the expression of Tbx5
dorsally and Vax ventrally. The results of this study funda-
mentally alter this model. Comparative in situ analysis
clearly demonstrates that the developing neural retina can
be divided into more than two domains with unique gene
expression profiles. Although the functional role of this
complex code of gene expression is not currently appreci-
ated, it allows for several refinements to the current model
of the transcriptional control of D-V retinal patterning.
Earlier studies suggested that the D-V axis was divided
into a dorsal half controlled by the activities of Bmp4 and
Tbx5 and a ventral half controlled by Vax. Ectopic expres-
sion of Vax led to the downregulation of Tbx5, ephrin-B1,
and B2 and upregulation of ventral markers (Barbieri et al.,
1999; Schulte et al., 1999). Similar experiments demon-
strated the ability of ectopic Bmp4 and Tbx5 to downregu-
late Vax and upregulate the dorsal ephrin-Bs (Koshiba-
Takeuchi et al., 2000). The segregation of Vax and Tbx5
expression into two nonoverlapping domains early in reti-
nal development clearly demonstrates that these factors do
not directly control each other’s expression. Therefore,
some of the overexpression phenotypes may be due to the
induction of diffusible factors by these transcription factors.
Notably, the recent characterization of mVax2 null mice
did not reveal any alteration in Tbx5 expression (Barbieri et
al., 2002; Mui et al., 2002). Identification of their transcrip-
tional targets will enable the molecular mechanism of these
phenotypes to be appreciated in the future.
As the optic vesicle invaginates, four domains of gene
expression are apparent along the D-V axis, as depicted in
Fig. 2G. In the most dorsal domain, expression of Bmp4,
Tbx5, ALDH1, ephrin-B1, and -B2 are evident. The expres-
67Subdivision of the D-V Retinal Axis
© 2002 Elsevier Science (USA). All rights reserved.
sion of Bmp4, Tbx5, and ephrin-B1 extends further along
the D-V axis than the expression domain of ALDH1 and
ephrin-B2. Previous gain-of-function analyses indicated
that Bmp4 can regulate Tbx5 expression (Koshiba-Takeuchi
et al., 2000). This same study also showed that Tbx5 can
lead to the upregulation of ephrin-B1 and ephrin-B2. Since
the expression domains of ephrin-B1 and Tbx5 coincide,
this pathway could be sufficient for ephrin-B1 expression.
In contrast, expression of Tbx5 alone is not sufficient to
control ephrin-B2 expression, as its expression is more
restricted than that of Tbx5. The coexpression of ALDH1
and reports of high retinoic acid (RA) levels in the dorsal
retina suggests that RA may also be involved in regulation
of ephrin-B2 transcription (reviewed in Ross et al., 2000).
Alternatively, differing levels of BMP4 may be sufficient to
define these two domains. The recent identification of a
BMP4 antagonist, Ventroptin, in the ventral retina suggests
that a gradient of BMP4 exists in the developing retina
(Sakuta et al., 2001). It is enticing to speculate that high
levels of BMP4 are required for ephrin-B2 and ALDH1
expression while lower levels of BMP4 are sufficient for
Tbx5 and ephrin-B1 expression. It will be important to
further define the relationship of RA, BMP4, and Tbx5 in
the differential control of ephrin-B1 and ephrin-B2 expres-
sion.
The most ventral domain of the developing retina is
characterized by early expression of Vax, ALDH3/ALDH6,
Pax2, EphB2, and EphB3. Since Pax2 expression in the eye
field precedes that of the other markers, it could be the
most upstream component in the specification of the ven-
tral retinal domain. However, several facts argue against
this model. A retinal patterning phenotype has not been
reported in Pax2 null mice. Expression of Pax2 is not
necessary for mVax2 expression (M.A.P. and C.L.C., unpub-
lished observations). In addition, the segregation of Pax2-
and Pax6-expressing cells suggests that Pax2 expression
reflects an optic disc identity rather than a retinal identity
(Schwarz et al., 2000). The ventral retina is also an area of
high RA and there is evidence that RA is involved in the
specification of the ventral retina (reviewed in Ross et al.,
2000).
The subdivision of the D-V axis into several restricted
FIG. 5. Distribution of clone sizes in the retina. (A, B) An example of the variety of clone sizes within the dorsal retina. The area boxed
in (A) is magnified to illustrate the proximity of 2 clones of very different sizes. The clacZ clone contains approximately 100 columns and
is mostly in the dorsal–central (DC) zone, while the adjacent nlacZ clone contains approximately 300 columns and is in the
dorsal-peripheral zone (DP). (C) The distribution of clone size in the ventral peripheral (VP) zone. x-axis is the number of clones and the
y-axis is the number of columns per clone. (D) A table containing the estimated column number per clone in the different retinal zones for
the clone sets containing 1–14 clones per retina, 1–6 clones per retina, and 1–4 clones per retina. The ratio of the average sizes in the
periphery and center of each zone is also included. DP, dorsal peripheral; DC, dorsal central; DP/DC, ratio of the average clone size in DP
vs average clone size in DC, etc.
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gene expression domains is likely to occur in other verte-
brates. Orthologues of most of the genes described in this
study have been identified in zebrafish, Xenopus, mouse,
and human, and their expression patterns appear to be
conserved (Chapman et al., 1996; Marcus et al., 1996;
Furuta and Hogan, 1998; Papaioannou and Silver, 1998;
Schulte et al., 1999; Grun et al., 2000; Li et al., 2000; Suzuki
et al., 2000; Takabatake et al., 2000; Liu et al., 2001). Many
additional genes have been isolated that are restricted along
the D-V retinal axis but have not yet been assigned to an
expression domain. For example, at least two other Tbx
family members, Tbx2 and Tbx3, and another Bmp family
member are found in the dorsal retina (Chapman et al.,
1996; Papaioannou and Silver, 1998; Belecky-Adams et al.,
1999; Takabatake et al., 2000). In addition, the patterned
expression of several genes along the A-P axis of the retina
demonstrates that this axis is divided into restricted expres-
sion domains as well (reviewed in Peters, 2002). Thus, the
complexity of vertebrate retinal patterning is just emerging.
Cells within Domains of Gene Expression Tend to
Remain in Their Domain
This study shows a strong preference for cells near an
expression domain border to remain within that expression
domain. Eighty percent of retinal clones do not cross the
dorsal or ventral borders created by restricted domains of
gene expression. This percentage was remarkably consis-
tent between retinae with very different numbers of clones.
In contrast, when an arbitrary border was defined in the
same region of retina, 57% of the clones crossed the
arbitrary border. Thus, the proliferation and migratory
properties of cells within this retinal region do not appear to
account for the observed restriction of clones. The prefer-
FIG. 6. Behavior of clones at expression domain borders. (A) A retina containing a clacZ clone (outlined in red) that does not cross the
dorsal border. (B) A retina containing a clacZ clone (outlined in red) that does cross the dorsal border. (C) A retina containing two clacZ
clones (outlined in red) that respect borders of gene expression. The more dorsal clone remains within the middle domain while the other
clone is confined to the ventral domain. (D–F) High magnification view of the areas boxed in red in (A–C), respectively. (G) Table of the
analysis of the tendency of clones to cross the dorsal, ventral, and an arbitrary border and the statistical significance of the findings.
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ence to remain within domains of gene expression is
statistically significant (P  0.0001) and is likely to play an
important role in retinal development. Yet, the existence of
a small number of clones that do cross the borders prohibits
us from concluding that the expression domains constitute
absolute lineage compartments at the time of retroviral
integration. It seems more likely that they present signifi-
cant but not absolute barriers, much like the rhombomere
borders (Birgbauer and Fraser, 1994). Analysis of a large
number of rhombomere clones showed that a small propor-
tion of clones are able to cross between adjacent rhom-
bomeres (Birgbauer and Fraser, 1994). It is interesting to
note that the percentage of clones that cross rhombomere
borders, 5–17%, is roughly concordant with our observa-
tions. Thus, it is possible that complete lineage restriction
may only be found in invertebrates.
The small number of clones that do cross the expression
domain borders could result from progenitor heterogeneity or
technical considerations. Although gene expression appears to
be uniform within the expression domains, the methods
utilized do not allow single cell resolution. It is possible that
a subset of retinal progenitors differs in their gene expression
profiles and thus their ability to cross the expression domain
borders. It has recently been shown that nonradial migration
in the forebrain accounts for many cortical interneurons
(reviewed in Corbin et al., 2001). It is thus intriguing to
speculate that there is some functional significance to the
minority populations that cross gene expression domains in
the retina. The development of single progenitor gene expres-
sion profiling techniques will allow us to address the possibil-
ity of progenitor heterogeneity in the future. Finally, it is
possible that the clones that span the borders actually crossed
the border region prior to its establishment. If a progenitor is
infected and divides before the border is established, its
progeny could migrate freely across the future border region. If
this occurs and the progeny remain near the border region, it
would appear as a single clone that crossed the border. Alter-
natively, if the two cells migrate away from each other and
then proliferate, they will appear as two clones within close
proximity, and may have similar shapes. These are called split
clones. Clones such as those shown in Figs. 4C and 6C may be
split clones. Their appearance suggests that some infections
occurred prior to the establishment of the border. Thus, the
few clones that crossed the borders may have crossed early in
development.
Potential Role of ephrin-B-Mediated Signaling in
Retinal Cell Intercalation
Eph receptors and B type ephrins prevent cell intercala-
tion at compartment boundaries in the vertebrate hindbrain
(Mellitzer et al., 1999; Xu et al., 1999). The Eph receptors
EphB2, EphB3, and EphA4 are expressed in the odd rhom-
bomeres while their ligands ephrin-B1, -B2, and -B3 are
found in the even rhombomeres (Fig. 7A; Xu et al., 1995).
The juxtaposition of complimentary Eph receptors and
ephrin-B ligands at the boundaries of adjacent rhombomeres
is thought to mediate repulsive interactions that prevent
cell mixing (Mellitzer et al., 1999; Xu et al., 1999). This
repulsion is the result of bidirectional activation of the
ligands and receptors (Fig. 7A; Xu et al., 1995, 1999). It is
likely that the same repulsive interaction occurs within the
retina where the expression of these same receptors and
ligands coincide (Fig. 7B).
If we consider the expression profiles described at HH 31,
repulsive interactions between EphB receptors and ligands
could be occurring along the expression domain borders.
FIG. 7. A model for the role of ephrin-B bidirectional signaling in
the cell segregation events in the hindbrain and retina. (A) The
embryonic chick hindbrain is divided into rhombomeres along the
A-P axis. Odd numbered rhombomeres (r) express Eph receptors,
whereas even numbered rhombomeres express ephrin-B ligands.
The juxtaposition of complimentary Eph receptors and ephrin-B
ligands at the boundaries of adjacent rhombomeres is thought to
mediate repulsive interactions that prevent cell mixing as a result
of bidirectional activation of the ligands and receptors. The arrows
represent the bidirectional signaling between Ephs and ephrins. (B)
Along the D-V axis of the chick HH 31 retina, many of the same
Eph receptors and ligands are expressed in restricted domains.
Clones appear to preferentially avoid crossing the borders created
by the expression domains. This may be due to the repulsive
interactions of the Eph receptors and ligands.
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Along the ventral border, EphB2- and EphB3-positive cells
and the adjacent ephrin-B1-expressing cells are probably
mutually repulsed. This could underlie the preference of
cells to avoid crossing this border. A similar bias against
crossing the dorsal border was also seen. Yet, an Eph
receptor expression pattern reciprocal to the ephrin-B2
positive domain has not been reported. Other receptors that
can bind ephrin-B2, EphB1, and EphA4 are expressed evenly
throughout the retina (Holash et al., 1997 and data not
shown). Perhaps a drop in ephrin-B2/EphB1, ephrin-B2/
EphA4 signaling determines the dorsal border. Small differ-
ences of Eph/ephrin signaling can greatly alter the response
of cells. An elegant series of experiments shows that the
addition of EphA3 to a subset of retinal ganglion cells
resulted in a discrete shift in the mapping of these ganglion
cells onto the superior colliculus (Brown et al., 2000). In
addition, many studies demonstrate that adhesion proper-
ties are greatly influenced by the oligimerizaton state of
ligands as well as the phoshorylation state of the receptors
and ligands (Stein et al., 1998; Hornberger et al., 1999;
Huynh-Do et al., 1999). Thus, the sudden shift in receptor
and/or ligand distribution at an expression domain border is
likely to greatly influence the adhesivity of cells. This type
of interaction may occur at each of the borders discussed in
the early retina as well as the dorsal HH 31 border.
Role of Restricted Domains of Gene Expression in
Retinal Development
The impressive array of restricted gene expression do-
mains and restriction of most clones to these domains
suggests that patterning of the retina plays an important
role in its development. One crucial function of compart-
ment boundaries is to position morphogens such as hedge-
hog (Lawrence and Struhl, 1996; Dahmann and Basler,
1999). In the Drosophila eye primordium, hedgehog con-
trols the wave of neuronal differentiation known as the
morphogenetic furrow (Heberlein and Moses, 1995). The
initiation of the furrow depends upon the establishment of
two distinct compartments along the D-V axis (Reifegerste
and Moses, 1999). Recently, Sonic hedgehog has been
shown to drive a wave of neurogenesis in the zebrafish
retina (Neumann and Nuesslein-Volhard, 2000). The wave
is initiated at a spot ventral and nasal to the optic disc and
is thought to coincide with initiation of differentiation in
other vertebrate species (reviewed in Holt and Harris, 1993).
If we assume that the A-P retinal axis is also divided into
restricted domains of gene expression, the intersection of
the ventral border and an A-P border could define this spot.
It will be interesting to determine whether correct D-V
patterning is also required for the initiation of retinal
differentiation invertebrates.
The most prominent output of the compartmentalization
of the Drosophila D-V eye axis is the arrangement of the
ommatidia into mirror-image fields centered at the D-V
midline. The subdivision of the vertebrate may also cause
position-dependent differences in the generation or distri-
bution of postmitotic cells. A few postmitotic cell types
require positional information that is likely encoded by the
positional identity of their progenitors. For example, the
relative position of a retinal ganglion cell determines its
target projection site, allowing the formation of a topo-
graphic map. In addition, the distribution of some photore-
ceptors and amacrine cell types varies in different retinal
regions (Bruhn and Cepko, 1996; Fischer and Stell, 1999).
The cataloging of 20 to 30 different amacrine subtypes
illustrates the large array of cell morphologies and expres-
sion profiles within this class of interneurons (reviewed in
Masland, 2001). The distribution of these subtypes in dif-
ferent retinal domains has not been reported. Since many
studies of retinal development are not designed to assess
regional differences, there are likely to be many fundamen-
tal patterning events left to discover.
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